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INVESTIGATION OF HEAT-TRANSFER COEFFICIENTS IN AN AFTERBURNER

By William K. Koffel and Harold R. Kaufman

- : . SUMMARY

The relatlve importance of the heat-transfer modes in an experl-
mental afterburner were evalusted. The convectlive heat-transfer coeffi-
clents near the combustion-chamber oublet were determined and the effects
of three radisl distributions of afterburner Puel across the turbine-
outlet annulus on the convective heat-transfer coefficient were examined.

The combined heat-transfer coefficient for convection and radiation
from the cambustion gas to the combustion-chamber wall and the over-all
heat~transfer coefficient were practically unaffected by the combustion-
gas ‘temperature level, but they varled, in simller manner, along the v
combugtion-chember length. However, the convectlve heat-transfer coeffi-
clent without afterburning was practically constent along the combustion-
chamber length. : : . .

The heat transferred firom the cambustlon gas to the cambustion
chamber wall by nonluminous redistion varied from sbout one-fifth to
one-third of the total heat transferred by convectlon and radlation,
depending on the radial distribution of fuel across the turbine-outlet

-annulus .

INTRODUCTION

Current afterburners requlre some form of cooling system in order
that the combustlon-chamber wall teamperatures will not exceed safe
values. Most afterburners are cooled &t present by alr flowlng through -
an apnular cooling pessage surrounding the combustlon chamber. The
design of such amnular cooling systems has been based upon heat-transfer
data that are availleble in the general literature for nonluminous radi-
ation and for forced convection in long tubes or over flat plates. Such
heat-transfer data mey not apply, however, to the convectlve hesat-
transfer coefficients 1n asfterburner combustlon chembers because of the
relatively small length-diameter ratios of afterburners or because the
velocity and temperature profiles usually differ greatly from those
existing in the setups used to obtaln heet-transfer data in tubes and
over flet plates. In sddition, the effects of luminous radiatlon are
not known, and information on the relative lmportance of +the heab-

transfer processes in actu%}.féﬁ'e;{hﬁ;fﬁ:ﬁéj Y H%'p,; und in the literature.
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Accordingly, the Lewls lsboratory of the NACA designed and exten-
sively lnstrumented an experimental. afterburner for an investigatlion of
the cooling characteristice and temperabure profiles in an actual after-
burner coocled by alr flowlng through an snnular cooling passage. The
experimental Investigmtion provided data for the establishment of an
empirical cooling correlation relating the cambustion-chamber wall tem-
peratures near the burner outlet to known engine performance parameters,
end for the determinatlon of the relative lmportance of the convectlve
and redlsastive heat~transfer processes ln an afterburner. Reference 1l
tabulates the data of thils investigation and grephically shows the
effects of exhamst-gas temperature level, combustion-gas flow, and radlal
dlstribution of afterburner fuel across the turbine-oatlet annulus on
the tempersture profiles of the combustion gas and of the cambustion-
chamber wall. The variation of wall temperatures with the inlet cooling-
alr temperature and the mass flow ratio of coollng air to the combustion

gas are also shown. An empirical cooling correlabtion Is established from
the data qf this afterburner in referemce 2. The correlation equatlion
provides & rapid and convenient mesms of calculatlng the wall temperatures
for eny combination of combustion-gas flow, combustlon-gas temperature,
cooling-alr flow, and cooling-alr btemperature without recourse to the
fundamentals of the heabt-transfer processes. ' ' "

Tuls report presents the heat-transfer coefficlentes for the combus-~
tion chamber and provides a better insight into the magnitudes and vari-
ations of the heat-transfer processes in an afterburner. The data in
this report were obtained with nonluminous combustion, although scme
Iuminosity may be produced under different conditio_ns in other after-
‘burners. ’ '

Because only convection and nonluminous radlation were present
during this Investigation and because the nonluminous radlation can be
calculated with reasonable accuracy from the data of reference 3, the
convective heat-transfer coefficient has been determined and 1s pre-
sented in nondimensilonal form on the usual Nusselt-Reynolds number plot.
The resulting correlations for three different radial distributions of
fuel scrose the turblne-outlet apnulus dre compared with the correlation
of convective heat-transfer coefficients for turbulent flow in long
tubes. The variations of the over-all hHeat-transfexr coeffilcient and of
the combined coefficlent for convection emnd radiation from the combus-
tion gas to the combustloa-chamber wall areé ghown for vearious stations
along the burner length and are discussed. The heat-transfer coeffi- .
cients in the cooling passasge are not presented hereln becauge of the
widespread avellsbility of such information in the heat-trensfer liter-

ature.
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APPARATUS AND PROCEDURE
Test Installation

A schematlc drawing of the experimental afterburner used in this
cooling lnvestigatlion is shown in figure 1. The cylindrical combustion
chamber was febricated of 1/16-inch-thick Inconel and had =a length of
5 feet from the flame holder center line to the exhaust nozzle inlet and
&n inside dleameter of 26 inches. The annular cooling passage was
1/2 inch in height and was insulated with 1 inch of refractory cement.
The flame holder had a single V-gubtter with sinusoidal corrugations on
the trailing edge. The V-gutter had a mean diameter of 18 inches , &

mean width across the corrugations of l% inches, and an included angle

of 35°. The blockage at the downstream face of the flame holder was
about 23 percent and the veloclty at the flame holder under the con-
ditions of the investilgation was approximately 480 feet per second.

Twelve radial fuel-gpray bars were equally spaced circumferentislly
in a plane 8.75 inches downstream of the turblne flange and 13.25 inches
upstream of the flame-holder center line. Three different conflgurations
(12 spray bars per confilguration) of spray bars were used to study the
effects of varlious radial fuel disbtributlons on the correlation of the
convectlive heat-transfer coefficients for the gas silde of the combustion-
chanber wall. Configuration A (fig. 2) produced & nearly uniform fuel
distribution. Conflguration B increassed the fuel concentration near the
combustion-chamber wall snd decreased the fuel flow 1n the center of the
combustlion chamber. Configuration C concentrated more fuel at the cen-
ter end decreased the concentratlion near the combustion-chember walls,

Instrumentation

Extensive Instrumentation was provided at six longitudinal statioms
(fig. 1) B, ¢, D, E, ¥, and G, wilth four of these statlions, C, D, E, and
F, having six circumferential groups of Iinstrumentatlion. (Detalls of the
instrumentation are glven in reference 1.)

Because of the large mumber of thermocouples, four flight recorders
were used to reduce the recording time while maintaining eguilibriuvm con-
ditions. The transverse temperature proflles of the combustion gas at
gtation F were Sbbtained qualitatively by meens of a vertical rake having
seven sonic-flow-orifice temperature probes (reference 4). In this
report, the temperatures of the combustion~chamber wall and of the cool-
ing alr at each station are arithmetlc averages of the respectlve tem-
peratbures msasured. at six equally spaced positions around the circumfer-~
ence of the burner. The estimated over-all accuracies of the individual

temperature measurements are ag follows:



Wall temperature, °F .

Cooling alr,

Exhaust—ga.e tempera'bure , OF

Transverse temperature profile, °F

Range of Test Data

The afterburner used in this Investigatlion Incorporated the best

avalleble experimental design information for high performance.

Pre-

liminary tests were conducted on a similar uninstrumented afterburner o
confirm that the afterburner configuration for. this investigation had
high performance and good operating characteristica over a wlde range of

fuel-alr ratic and altitude.

The final geometry of the turbine-diffuser

inner come and. flame holder in cambination with the fuel-spray bars pro-
ducing approximately uniform distribution of fuel across the turbine -

annulus 1s designated configuration A.

ditions ihvestigated are tabulated in the following table:

The varlous comblnations of con- _

Configuration | Altitude | Exhaust- [Combustion- | Mass flow| Inlet
(£56) gas | gas flow ratio [cooling-air
temperature W V. /W temperature
p | & #T8 A m T U (%R)
g,1 (1b/sec) 2,0
(°R)
A 30,000 3060 22.1 0.0872 500
' to to
.1872 1587
30,000 3240 22.2 0.1002 500
: to to
1917 1222
30,000 3435 22.3 0.0953 502
to to
_ .1796 1408
40,000 3265 15.8 0.1440 528
to
1340
30,000 3825 " 22,8777 ] 0.1374 515
‘o

.1906 _
B 30,000 .| 3215 22.2 | 0.0985 495
to to
. 1 .1891 1223
c 30,000 3235 . 22.3 ©0.1420" 524
o to
_ 1450
30,000 3764 2z.4 - 0.1912 524

2571,
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The mess flow rate of cooling air W, and the ilnlet cooling-alr temper-
ature Ty o0 were systematically varled while all other quantitles werse
held constant. :

Conflgurations A, B, and C differed only in the radial distribution
of fuel across the turblne ammulus. The daba presented are for a simu-
lated £light Mach mumber of 0.52, rated englne speed, and an afterburner-
inlet (turbine-outlet) temperature of 1633 +12° R. The data were
obtalned at cambustlon-chamber static pressures of 750 to 1400 pounds
per square foot absolute. The fuel-alr ratios ranged from 0.031 to 0.0686,
and afterburner combustion.efficiencles were about 0.90 to 0.95.

ANATYSTS

Frequent observatlions were made of the flame during thils investiga-
tion, both into the combustion chamber from the exheaust end and from the
gide of the exhsust Jet. The Plams wes translucent and varled for the
range of test comditions from a light blue violet to fturquoise wilth no
yellow luminosity. Because the flsme was nonluminous (see reference 5
for the definitions of nonluminous and luminous radiation), heat transfer
from the combustion gas Lo the combustlon chamber walls was due to forced
convection and nonluminous radiation only, in thls afterburner. However,
luminous radiation has been observed in other afterburners during actual
take-off conditions and in laboratory investligations of combustion at
combustlion-chamber pressures of approximabtely two atmospheres :

The followlng analysis 1s based on one-dimensional flow. All temper-
atures are considered to -be total temperatures because the thermocouples
used had recovery factors of sbout 0.85 and the ratio of statlc to total
temperstures was always greater themn 0.95 (Mach numbers of 0.5 or less).
Negligible errors result in the calculation of the radlant heat transfer
even though radiation is a function of the static temperature. - It 1s
also assumed that radistion galned by the wall from a higher temperature
reglon downstream is balanced by the radiation lost to the cooler region
upstresm of a given station. In effect, thls assumptlon places radiatlion
on a one-dimensional basis like the comvective heat transfer so that the
temperature differences at a station can be used instead of log mean tem-
perature differences over a finlte length of +he combustion chamber.

Calculatlon of d.q/d.A. - The hqat flux per unlt area of the combustlon-
chamber wall was cealculated from the equation '

W, ¢ aT . .
dgq _ a 'p,a a 1
29 _ 3800 — - (1)

(A1l symbols are defined in the appendix.) The derlvative 'd.Ta/d_x for
each station along the burner length was measured from faired curves of
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cooling-alr temperature agalnst the distance downstream of the flame
holder (fig. 3). - o "

Calculation of heat-~transfer coefficlents. - The heat flux per unlt
srea of the combusitlon-chamber wall at a glven statlon is mlso glven by

o> = U(TgTy) ! ()

or the over-sll heat-trangfer coefficlent T 1s
dq {d.A .
U= T, . | (3)

The heat transfer per unit area of .the wall by forced convectlon and non-
luminous radistion from the cambustion gas is T '

d
8 - ng(TgTy) + o ey éngé-a.g'Ewé‘) (4)
Rearrsnging equation (4) gives the combined heat-transfer coefficient
dg/dA
h, + = : (5
23 hr:g Tg-T'W )
where . .
4 4 '
hr = O E' (ngg —G'STW ) (6)
& w Tg-'.'llw

and 1s the heat-transfer coefficient for nonluminous radiation. When the
emissivity €, and the absorptivity o - are known, the convectlve heat-

trensfer coefficlent. cen be obtained from equation (4) as

- dg/aa - o &g esTgé-agTw"‘) =
24 Tg-'l'w

The emissivity and absorptlvlity were calculated for station F, from
charts in reference 3, where the combustion process is complete enocugh
that the partial pressures of the carbon dioxide apd of the water vapor
in the combustion gas can be compubed from the total fuel-alr ratio and
the local static pressure in the combustion ‘chamber. The equivalent
beam length for radlatlon was taken ag 0.85 times the combustloen-~-chamber

diameter.

Tn the correlation of the convectlve heat-transfer coefficient, the
physical propertles of alr were used in the m_zss_el'b number, Reynolds
pumber, and Prandtl number. The physlcal prc_sperties were evaluated atb
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the £1llm tempera"bure'. Te, which l1s the arithmetic mean of the bulk gas
temperature T gt the wall temperature T, The viscoslty and speci-

fic heat at constant pressure were taken from table II of reference 6.

Thermal conductlvity was assumed o be proportlonal to the sguare root
of the film temperature as 1n reference 7, with the comstant of propor-
tionality being evaluated at a temperabture of 500° R.

Longltudinal distrlibution of combustion gas tempersbture. - Heat
transfer depends on temperature differences and hence upon a knowledge
of the temperatures of the cambustion gas, combustlon chamber wall, and
cooling air. The longltudinal distribution of cambustion-gas bulk tem-
perature was not messured directly ln this investigation so that 1t was
necessary to compute the combustlon-gas tbtemperatures at each station from
en equstion relaebing the combustlion gas to the known temperatures at the
burner inlet and at the axhaust-nozzle outlet. It was found iIn refer-
ence 2 that the longlitudinal dilstribubion of statlc pressure 1n the
combustlon chember of this investigation could be calculated quite
accurately when the longitudinsl distribubtion of combustlon-ges bulk
temperature was given by the equabion

T, —T
_SJ_xJJE = gin Tz_t % (8)

TS: 1 _TS; 0

Equaetion (8) is therefore used in this report.

RESULTS AND DISCUSSION

The convective heat-transfer coefficient at statlon F 1s presented
first and the effects of radial distribution of afterburner fuel on the
convective heat-transfer coefficient -are discussed. The effects of
several paremeters on the combined heat-transfer coefflcient for con-
vection and radilation on the ges side of the wall and on the over-all
heatb-transfer coefficlent are then shown to provide a better insight
into the variation end magnitudes of the heat-transfer processes.

Convective Heabt-Transfer Coefficlent at Station F

Configuration A. - The convectlve heat-transfer coefficlent hg at

station F was calculated from equation (7) and is plotted in the usual
non-dimensional manner in figure 4. The absclesa is a modified Reynolds

V- T
number . pPe -ilb% which is equivalent to ﬁa—; Tj" where the temperature

T
ratlo corrects the density to film conditions. The effects of combustion-
gas temperature level (fuel-air ratio) are random and within the scatter
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of the data. TFor comflguration A the dabta polints lie wlthin 4+0.15 of the
line representing the eguation. .- - = - e T

hgD 7D\ 08 fop . “f)o.‘z 1\-0-1
kf = 0.034. (pf “'f) ( k?f ) (5) (9)

Equation (9) gave the best correlation of experimental convectlve heat-
transfer ccefficlents in reference 7 for subsonlic flow of alr in smooth
tubes at high surface and fluld temperatures. .

2R71 |

The transverse temperature prafilles at station F for configuration A
ere phown in figure 5 for a range of combustlon-gas temperatures. The
shape of thess proflles approached the shape occurring with fully N
developed turbulent. £low, especilally as the tempersbure level wes
increased, and probebly contributed to the good agreement between the
heat~transfer coefficients of confilguration A and eguation (9). ;

- L]

Effect of radial fuel dlatributlion. - The effects of two extremes )
in the radlgl distribution of afterburner fuel on the convective heat- R
trengfer coefficlent are shown in figure 6 for a modlified Reynolde num- AT
ber of 540,000. The Nusselt number, and consequently the convective -
hegt~tranafer coefficlent hg, for configuration B was about 53 percent _ P

higher them for configuration A, whereas the Nusselt mumber was sbout ce o
40 percent lower for configuration C. Thls wlde range in Nusselt number, ‘
or in the convective heat-tramsfer coefficlent, Is attributed to the L
differences in the transverse profiles of the qombu.stionagas.tempera.ture T
and consequently in the temperature gradients in the boundary layer for
each fuel distribution because the bulk. temperature and wall temperature
were maintalned at 3000° and 1510° R, respectively, for configurations B
end C. .

The transverse temperature profiles at station F for configurations B
and C are shown in Pigure 7 for a combustlon gas temperature of 3000° R.
The fuel distributions of configurations B and C resulted in gulte dif-
ferent temperabure profiles. than for fully developed turbulent flow.
Configuration B is characterized. by high gas temperatures near the wall
and configuration C by lower gas temperatures near the wall. Thus fuel
distribution hes a powerful influence on the transverse temperature g
profile amd consequently on com_rect:}ve heat tranafer. The vertical -
scatber in the dsta in figure 6 may 'be caused by small variations In the '
fusl digtribution. Confilguration A gave high performance with good
operating characteristics over a wlde range of operating condltions, ;
whereas configurations B and C had poor performence and undesirable, e
operating or coaling characteristlcs. The simultaneous achievement of oo
high performence. end. good operating characteristics requires a certain -
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combinatlon of fuel distributlon and flams-holder deslign. The latitude
of these comblnations is relatively small and in view of the results of
figure 6, 1t 1s belleved that equation (9) can be used to calculate the
convective heat~transfer coefficient near the. combustion-chamber outlet
in other high-performance afterburners. :

The transverse profiles of total pressure at station F were examined
to determine whether the pressure profiles could be used in foretelling
the temperatwure profiles for the purpose of edJusting the constant of
proportionality in eguation (9) for varlous fuel dlstributions. The
ratlio of the total pressure to the statlc pressure at the wall is shown
against the burner dlamster in flgure 8. The profiles give no hint of
the differences 1n the btemperature profiles. Some correspondence mlght,
however, have been found 1f the statlc pressure proflles had been
availaeble. o S T '

Cambined Heat-Transfer Coefficilent

The variation of the combined heab-transfer cocefficlent hg + hr, g

wlth the difference between the temperatures of the combustlon gas aml )
of the combustion-chamber wall ﬂ'.‘s-‘illw ig shown 1n flgure 9 for stations C
to F. The data points are for em 1nlet cooling-alir temperature of about
5200 R with a varying msss-flow ratlo (talled symbols) and for a mass-
flow ratio of ebout 0.144 and varying inlet cooling-~alr temperature (no
talls). A single curve resulted for each statlon within the scatter of
the data for the range of combustlon-gas temperatures Investlgabted whehn
the combustlon gas flow was constant. The combined heat-transfer coeffi-
cient increased at a decreassing rate as the temperature difference

'I‘g-'I'.w wes increassed. Decreasing the flow.-rate of combustlon gas resulted

in similer curves of decreased value for each station (fig. 9).

The felred curves of the combined heat-transfer coefficlent
hg + hr,g from figure 9 are cross _plotted in f_j_.gu:_re 10 with the temper-
ature differencé Tg-T,, as a paremster and a combustion-gas flow of
22.3 pounds per second. Typical longitudinal distributions of the com-
bined coefficlent hg + hr,g are shown by oper’a_ting lines for typlcal
longitudinal distributions of combustion-chamber wall temperature corres-
ponding to combustion-gas temperatiures at station F of 3000° and 3500° R.
The operating lines are similar 1In shape and have approximately the same
magnitude. Along the operatling li_ne_s_the_ _cc_;n:_r]_)ined. coefficien_t 11g + hr,g
decressed from about 22 to a minimm of about 17 Btu per hour per squars
foot per degree at a distance 26 inches downstream of the flame holder,
after which the value increased to about 26 at gtation . Nonluminous
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rediation 1s slight during the initlal decrease of hg + by ,g 80 that
the trend of the operating line primarily represents the va.riation of

hg with distance downstream of  the flame hold.er._ The combustion chamber

may be cmmpared with the entrance reglon of a la.rge plpe, where the con-
vectlve heat-transfer coefficlent 1s known to decresse rapldly in the
flrat dlemeter of length and lesg rapldly in the succeeding dlameters
until fully develaped turbulent flow is estsbiished. 'The "entranca" i
effect was accentuated in the afterburner of this iInvestigation becauss
the bluff Iinner cone resulted in a higher mass flow per unit area. (or
Reynolds. number) at'the burner inlet than ‘at the burner Sutlet. The
incresse in hg + hy ,g 1n the last half of the combustion chember is
due to the increases 1n the nonluminous radiation and in the convective
heat-tranefer coefficient as the tamperature gradients near the wall '
increase. o
Exartination of the convectlve heat-transfer coefficilent for non-
afterburning data pointe revealed that the coefflicient I:L8 (negligible
nonluminous radiation) was practicslly comstant along the combustion-

chamber length. The average value of hg ' without afterburning in this

particular afterburner was 23.5 Btu per hour per sqguare foot per degres
for a cambustion gas flow rate of 22.3 pounds per second. Thus, without
afterburning, the coefficlent hg exceeded the afterburning value of
the combined coefficlent hg + hyp g for configuration A for the first
44 inches downstream of the fleme holder (see £ig. 10). This unusual
effect la attributed to the persistance of a lowy-veloclby core in the
wake of the bluff inner come, without afterburning as far downstream ag
statlion F which resulted in a. higher effectlve mags flow per unlt ares
(or Reynolds number) near the wall. The low velocity core is 1illustrated
by the transverse pressure profiles of figure 11. The transverse varl-
atlon of the ratlco.of. total pressure Pg g to the statlc pressure Pg,F
at the wall 1s showyn for a range of burner inlet temperatures fram
1182° (nonafterburning) to 16360 R. The pressure ratio Pg, F/Pg p 18
higher near the walls and reaches a minlmum at the center. The minimm
ig lowest for nona.f*berburning and Ilncreased nesrly linearly as the
burner-inlet temperature was increased to 1636°°R. Thus the low-velocity
wake of the ilnner cone wlthout afterburning malmbained the effectively
high mags flow per unit area (or Reynolds mmber near the burner wall)
existing at the burmer inlet. The effective mass flow per unit area ...
at station F was decreased, however, with a.fterburning by the expansion
of the burning gas into the center of 'bhe burner. .

Over-All Heat-Transfer Coefflclent

The varlation of the over-all heat-transfer coefflclent U across
the combustion chember wall, with the mess flow ratio We/Wg 1s shown
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In figure 12 for configuration A and a combustlon-ges flow of 22.3 pounds
per second. At each station, the coefflcient U Increased graduslly
with decreasing rabe as the mass-flow ratio was Increased. The recipro-
cal of the comblned heat-transfer coeffliclent ls the controlling resis-
tance to heat flow and thus makes the over-gll heat-transfer coefflclent
less sensitive to changes in mass-flow ratlos approaching 0.20.

The over-all heab-transfer coefflcient is shown in figure 13 as a
function of the difference between the temperatures of the combustion
gas and of the cambustion~chamber wall. Figure 13 is similar to fig-
ure 9 for the comblned hest-transfer coefficlent. The data points are
for an inlet cooling-slr temperature of about 520° R wlth a varying mass-
flow ratio (talled symbols) and for a mass-flow ratio of about 0.144 and
varying inlet cooling-alr temperabure (no teils). A single curve resulted,
within the scatter of the data, for a constant combustlon-gas flow over
the range of combustion-gas temperatures lnvestigated. The over-all
heat-transfer coefficient increased gradually wlth decreasing rate as
the temperature difference ‘."i'g--T“r was increased. Decreasing the
combustion-ges flow resulted In simllear curves of lower value for each
station (flg. 13).

A cross plot of the falred curves of U from figure 13 for a
combustion-gas flow of 22:3 pounds per second agalnst distance down-
gbtresm of the flsme holder is presented in figure 14, Typical longi- .
tudinal variaetlon of U 1is shown by operating lines for typical longi-
tudinal varlations of wall btemperature corresponding to combustlon-gss
temperstures at statlion F of 3000° and 3500° R. The operating lines
are slmilar in shape and have approximately the same magnitude. The
longitudinal variation of U 1s quibe similar to that of the combined
heat-transfer coefflcient hg + h‘r because the reciprocal of the
latber coefficlent 1s the controlling resistance t0 heat transfer across
the cambustlon-chember wall.

Relative Magnitudes of Convective and Radlent Heat Transfer.

Typlcal values of the heat transfer coefficients have been tabulated
for station F at an average wall temperature Tw g of 1510° R in the
followlng table:
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Configuration [Combustion-|Heat-transfer coefficients _ T
%as flow (Btu/{hr)(sq £t)(°R)) ' .

1b/mec)
hg hr:5 hg'-hr:g v
A 22.3 18.5| 6.0] 24.5 | 17.5
A 13.8 12,3} 4.2| 16.5 | 11.5
'B 22.3 27.0] 6.0} 33.0 21.0 E
¢ 22.3 ___|10.6{ 5.8] 16.4 | 12.5 ~

The changes in radlal distribution of fuel affected the ratlo of
radiant to convective heat trensfer. The heat transferred by nonluminous
radiation was about ome-fourth, one-fifth, and one-third of the total
heat transferred to. the wall, for configuratlons A, B, and C, respectively.
The ratio of the over~-all heat-transfer coefficient to the combined heat-
trensfer coefficient.was affected only slightly by variations in the T
radlal digtribution of fuel. The over-all hest-transfer cosfficlent was
approximately 0.7 of the combined coefficient for the three fuel distri- o
butlions tested. . -

CONCLUDING REMARKS

The heat-transfer coefficient hy for convection between the com-
bustion gas and the combustlon-chember wall for the fuel distribution
providing the best afterburner performance was ccrrelated wlthin
+15 percent by & modifiled correlation equation for subsonic flow of alir
in emooth tubes at high surface and fluid temperatures.

The investigation of the variation of radial dletribution of after-
burner fuel acrogs the turbine-outlet annulus gave velues for the con-
vectlive heat-transfer coefficlent that were 53 percent higher to 40 per-
cent lower than the comvective coefficlent h, for the best fuel dls-
tribution, but performance was poor. The simalbtaneous achlevement of
high performance and good operating characterlstics requires a certalin
combination of fuel distribubtion and flame-holder design. The latltude
of these combinations 1s relatively small so that 1t is belleved that the
correlation presented for the convective heat=transfer coefficient is
generally applicabls to the combus tion-chamber outlet for other high-
performance afterburners. ' oo e . G E

The combined heat-transfer coefflcient for comvectlon and redlation .

from the combustion gas to the wall and thé aover-all heat-transfer coeffil-
clent decreased to a minimm about halfway along the combustlion-chamber

oullmah.



LLSe

NACA RM E52011 S ' 13

length and then increassed toward the cambustlon-chamber outlet. For
typical longibtudinal distributlions of combusitlon-~chamber well tempersa-
ture, the meagnitudes and longitudinal variastlon of the combined heat-
transfer coefficient and the over-all heab-transfer coefficlent were
practically unaffected by the combustlon-ges temperature level for the
same combustion-gas flow.

The convectlve heat-transfer coefficlent wlthout afterburning was
practically consgtant slong the combustlon chamber length, wlth a value
that corresponded to the comblned hegb-transfer coefflclent for convec-
tlon and radlation at the burner inlet with afterburning.

In the afterburmer of this investigation, heat was trensferred
from. the combustlon gas to the combustion-~chamber walls by forced con-
vectlion and nonluminous radlation only. The heat transferred by non-
luminous radlstion varied from sbout one-fifth to ons-third of the total
heat transferred by convectlon and radiation, depending on the redial
distribubion of Puel across the turbine-ocutlet annulus.

Iewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautbtlcs
Cleveland, Ohlo
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APPENDIX - SYIMBOIS

The following symbols are used in this report:

heat tranafer murface area, sq £t

specific heat &t constent pressure, Btu/(1b) (°R)
combus tion~chamber dlameter, ft |
mess velocity of combustion gas, 1b/(sec)(sq £t)
heat-transfer coefficient, Btu/(hr)(sg £t)(°R)
thermal conductivity, Btu/(hr)(ft)(°R)

distence from flame-holder center lime to exhaust-nozzle exit,
£t (6.21 £t for this afterburner)

total pressure, lb/sq ft abs

static pressure, 1lb/sq £t abs

heat flow rate, Btu/hr

bulk total temperature or wall temperature, °R

film temperature, arithmetic mean of bulk and wall temperatures,
SR : :

over-all heat-transfer coefficiemt, Btu/(hr)(sq £t)(OR)
velocity of flow based on bulk tempersture, Ty, ft/sec
flow rate, 1b/sec

distance downstream of flame-holder center line, £t
sdsorptivity, dimsnsionless

emigaivity, dimensionless

l+e
pseudoemisslivity of the wall, — ¥ (0.9 for this afterburner)

sbsolute viscosity, 1b/ft sec

welght density of combustlon gas, 1b/cu_ft

AVEERR
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Stefan-Boltzman constanmt, 0.173x10~8, Btu/(hr)(sq £t)(°R)%

(o3 R

h-klz "Kusselt number
c }
ik Prandtl number
vD -

pE— Reynolds number -

Subscripts s

a cooling sir

B,C,D,E,F,G¢ - stations along the combustlon-chamber length

iig property evaluabed at Plim temperature
& ges or ccmibus‘b-ion chamber

r redistion

w combustion-chember wall

x varigble statlon

0 flams-holder center line

1l exhaus‘b—nqzzle exit

REFERENCES

l. EKoffel, Wllliam K., and Keufman, Harold R.: Cooling Characteristlcs
of an Experlimental Ta.ilTPipe Burner with an Annulsr Cooling-Alr
Paggage. NACA RM ESIK23, 1952,

2. EKoffel, William K., and Kaufman, Harold R.: Empirical Cooling
Correlation for an Experimental Afterburner with an Annular
Cooling Passage. NACA RM E52(C13, 1952.

3. McAdams, Willilem H.: Heat Tranemlsslon. (Chap.IIT by Hoyt C. Hottel,
McGraw-H11ll Book Co., Inc., (New York), 1942, pp. 45-86.

4. Blackshear, Perry L., Jr.: Sonic-Flow-Orifice Temperaﬁuré Probe for
High-Gas-Temperature Measurements. NACA TN 2167, 1950.



16 - Y . NACA RM E52D1l

. Thring, M. W.: Research on flame radlation - The plan of an attempt
to £111 in an important gap in fuel teclmology. Fuel, vol. XXIX,
no. 8, Aug. 1850, pp. 173-177.

6. Keenan, Joseph H., and Kaye, Joseph: Ges Tables. John Wiley & Sons,
Inc., New York, 1948. :

7. Humble, Leroy V., Lowdermilk, Warren H., and Desmon, Ieland G.:
Meagurement -of Average Heat-Tranafer and Friction Coefficients for
Subgonic Flow of Alr In Smooth Tubes ‘at High Surface and Fluld
Temperstures. NACA Rep. 1020, 1951.

2571



2571
W
o
2
B
F =
Station B. G D E ¥ G E
N .__I._= j9)]
Fuel N [~ —— T . %)
spray bar S| §2%27% IJ — — |-l::
It . l 5
— _~3ingle-V-gutter |
i ' || /""" flame holder A
flame ! / T
— o = (A
IlII
I,
7 b
— Z . Combustion chamber | |
== . | | _
>
5 ‘
(
ZTurbine 3332544 I - e —
flange ﬂ. o /_pr-.—N—-—-—‘-_.— I
A Plenum
- l { - ; chamber
Plenum chamber Insulation

L\q% j\ S A
= S
—_; Cooling-air heater
1 : :
=\
cm } .

Figure 1. - Schematic diagram of afterburner.

LT



Diffuser outer wa.ll;

¥
n 3

1 I
LB- o 16- J zn
2 | — A p—— 22
‘f’ —T,: :-ﬂi“ .15" 8
1 18 16

‘, "
22 | | 2%
| N 1" U 1
: - 18 4 M S *—T 4
1" = ‘?- l" ‘.
1 —v—ﬂ-’f"’""‘"-’-‘i'-'?: ry OOy
= ez e 3 T —p
x - Fuel jJet Fuel Jet
End view of T : Turbins~-outle
ay bar inneyr cone
S J" Alr flow F
Configuration A . Coufiguration B’ Configuration C R

Figure 2. - Downstream view of turbine-outlet annnlus showlng fuel spray bars for configurations A,
B, and C. Dlameter of fuel jetm, 0.020 inch.

e T TN 71~ SR

8T

1IC2ST WI VOVN




. . ) ‘ . 2571 ) .

=
160 Inlet cooling-air g
tempersture >
(°R) 2
&
A 1223
140
|~ %
. 1/0/ /0 1127
&8 T | /o/ é P 1038
- . ~ | "] p
) 120 — 938
i T //0 838
& ot
g ‘a’, o— ] 748
L 1000 q 0 ,/°/ A 137
! e t— O _____.--O‘
d 8 | — ] 495
& —0— —%
g 800 5-—-‘ _4_9-_--“"¢ ‘
Q —
=G-_—;...--""--"=""""
g § | /0/
&
| /O v
600
. / R
f-o’/
] Statlons .
B c D E ' E ¢ 2. :
40 ] ! 1 1 ! 1 -
0 8 , 16 24 - B2 40 " 48 56

Distance downstreem of flame holder, in.

Figure 3. - Longltudinal distribution of cooling-alr temperature for several values of inlet cooling-~
alr temperature. Mass-flow ratioc, 0.144.

6T



.y 2000
. 11: H
o..qlm R
e il A Y
.a—-i-\ % g 1500 b7
[-'1] %]
rq -'4 -~ h v D 0-8 0.4 -O-l K
. =0 omQ,f _b_) i‘%f;“i) (_) B
Q : ,
s 1000 -
h .
gB 3 300 \\ /"/
3§ P N v
A . v
g 700 Exhanat CombustL
51 A / aust-gas Combustlon-gas
O 3 600 temperature - -temperature
A | N\ Tg,r . Tgr
ol 2 | (R). - (oR)
9 |~ . o 3845 . 3520
g | : / 0 3435 5165
= 400 v 3285 . 3025
' / & 3240 2980
A 3060 2870
%00 — -
.10 1.5 2 3 4 5 6 17 8 9108
V,D

Hocﬁf-ied Reynolds number, pe E———
. £

Figure 4. - Correlation of convective hest-tranefer coefflcient at station F
for configurstion A. Physical properties of air evaluated at film tempera-
ture Tp; thermal conductivity proportional to ﬁ ; average wall tem-
perature Tw,F , 1510° R, :

o2

T1Ta2sd W VOVH



[T N RN

NACA RM E52D11 L
Exhaust-gas Mess-flow Inlet cooling- Teil-pipe Average Combustion- Turbine-cutlet
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Pigure 5. - Transverse profiles of combustion-gas temperature at station F for configuration A.
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combusticdn gas and combustlon ochamber wall for eonfiguration A,
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Figure 13. - Contirmued.
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Yariation of the over-all heat tranasfer coefficlent with the dil’rerence between the temperatures of the
combustion gas and combustion chmmber wall for configuration A

Camad

147

T1AC3SHE WY VOVN




Lombustion-gas Ixhaust-gas- combuation;gas
temperature temperature mass flow

- TE)F &yl . wf
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Figure 13, - Concluded. Variation of the over-all heat transfer coefficlent with the difference between the temperatures of the
combuation gas and combustion chamber wall for configuratlon A.
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Figure 14. - Variation of over-all heat-transfer coefflclent with distance dovnstream of flame
holder for configuration A. Combustion-ges flow, 22.3 pounds. per eecond.
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